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ABSTRACT

The torque created by the interaction of a spacecraft
magnetic moment and the earth's magnetic field must be countered
by the control moment gyro stabilization system on AAP-3 and
AAP-4., Since the magnetic torque is small in absolute value,
compared to gravity-gradient torque, the associlated periodic
component of momentum is of no importance. Interest in the mag-
netic case is limited, therefore, to bias momentum effects which
may lead to significant propellant recguirements for desaturating
the gyros. Lack of definition of the ferromagnetic material
in the configuration makes it impossible to form precise estimates
of these effects.

What is felt to be a conservative, worst-case analysis
has been effected for this configuration by making gross estimates
of ferromagnetic quantities and their associated spacial distri-
butions. Using an assumed 1% of total system weight for the
ferromagnetic material (1300 pounds), the vehicle magnetic moment

is estimated at 7000 ampere—meterz. The maximum, average-per-orbit
torque tending to align this moment with the earth's magnetic

field is .12 1lb-ft for a 240 nm, 28.5° inclined orbit. The
resulting bias momentum is comparable to that due to the gravity-
gradient torque acting on the AAP-3 and AAP-4 cluster with 1ts

long axis in the orbital plane.

A discussion is included on the nature of the earth's
magnetic field and basic magnetic concepts as a basis for these
estimates.
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MEMORANDUM FOR FILE

INTRODUCTION

Recent literature has been attentive to the inter-
action of an orbiting satellite with the earth's magnetic
field. In particular the authors have considered:

(1) The reduction of the angular velocity of a
spinning satellite as a result of eddy currents
induced by its motion relative to the earth's
field.

(2) The disturbing torques arising from the natural
inclination of a magnetized vehlcle to align
its magnetic axls with the earth's field.

(3) The possible utilization of these interactions
for vehicle stabilization and control.

These studies have considered vehicles which are
reasonably amenable to definition of thelr magnetic properties.
In general, since the vehicles have been relatively small, it
has been possible to consider individual magnetic elements
and components, to make direct measurements before flight on
the agssembled operating structure, and, on occasion for spin-
stabillized vehicles, to deduce effective moments from flight
data. The several AAP missions together will result in the
assembly of a large vehicle in earth orbit which presents a
much more complex structural and magnetic problem. The
assembled configuration is unique in size and in its mission
requirements for attitude and pointing stability. It will
be susceptible to magnetic torque disturbances since 1t is
a conducting body moving through a magnetic field, and since
its magnetic elements will combine to produce a net magnetic
moment.

This memorandum discusses the earth's field, the
computation of magnetic moments and torques, and attempts to
establish an upper bound for the several torque components.
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THE EARTH'S MAGNETIC FIELD

The earth's field in space occupied by an orbiting
satellite can be approximated with a combination of one or
more magnetic dipoles located at or near the center of the
earth [1]. This memorandum considers only the simplest, first
approximation, that of a single dipole aligned with the
earth's magnetic axis with its north-seeking-end directed
toward the southern magnetic pole. To develop a guantitative
feel, we recall that the flux density at any point, P, in the
vicinity of a magnetic dipole is given by [11]:

= _ o) m (mer) =] webers
B——E—r(;—B——3 5 I’] reoers (1)

r meter2

Using the rationalized MKS system of units, the moment, m, des-

cribes the dipole strength in amperes—meters2. T is the radius
vector in meters jolning P with the dipole center, as shown in
Figure 1A, and intersecting m at an angle y. Ko is the permit-

tivity of free space, U4rn x 10_7 webers/ampere-meter. In
spherical components, (1) resolves into

uOm
Br = - 3 cos Y
2nr
TP |
B, = 9 3 sin
v bpr
B, = 0 (2)

where r, y, and 6 are as shown in Filgure 1B. For the earth,

Im| is approximately .81 x 10°3 ampere—meterzs taking
TR

r = 6.371 X 106 meters, 4

3 has a magnitude of about .62 x 10"
211
webers/meter2. Maximum and minimum flux densities occur where
sin ¢ cos ¥ = 0, that is, over the magnetic poles and equator,
respectively. One may visualize two simple cases: The fleld
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is constant and unidirectiongl in the magnetic equatorial
plane where ¢ = g—; in the magnetic polar plane the field

is perilodic, belng composed of the two periodic components
Br and BW'

Since the earth's magnetic and spin axes are in-
clined at an angle of about 12 degrees, a vehlcle in any
practical orbital plane will be subject to a field which
varies both in magnitude and direction as a function of its
position. To determine the effects of the field on a vehicle,
successive coordinate transformations are necessary, there-
fore, to translate from the earth fixed spherical system
of Equation (2) to a rectangular inertial system. Hodge and
Blackshear [2] have performed this transformation and have
integrated the components of B over complete orbital periods
for various orbital altitudes and inclinations. Their
results permit computation of the average, or blas, torque
exerted on an inertially oriented vehicle by the earth's
field on a per orbit basis. Figure 2 shows the average flux

density vector, BA’ in an ecliptic system. BA is inclined

at an angle, Tyo with respect to the ecliptic normal about
which it rotates annually. The dependence of EA on orbit
inclination, i, and altitude, r, can be expressed from their
results by

m
webers

H0 .
[3 + cos 21i]

|B
16nr'3 meter2

ol (3)

The angular position of EA with respect to the ecliptic normal

is the sum of two components, an average angle dependlng on
orbit inclination

Tay = 22.5 + 66.4 [1 - cos (2i - 15)] degrees

(%)
and a periodic, or ripple, component given by
= 2n
Tap 28.5 cos i t degrees (5)
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The period, T, is a function of the orbit nodal regression
rate, Q,

:a7/2 - -]
= 36?(;) cos 1} days

i
L. ]

_ 2
T==

and a is the earth radius. Typically for a 240 nm orbit in-
clined at 28.5 degrees, we find:

.227 X IO-M webers/ meter?

—
|

AM T 37.5 degrees

—
]

28.6 degrees

+3
"

52 days

An instantaneous time description of B is not given by Hodge
and Blackshear in ecliptic coordinates. However to estimate
the maximum effect of torque disturbances, we note from (2)
that the earth's flux density will always be less than the
peak value which occurs directly over a magnetic pole.

MAGNETIC MOMENTS AND TORQUES

A body having a magnetic moment and in a magnetic
field is subject to a torque given by

T = m x B newton meters

where m is the equivalent dipole moment of the body and B is
the field flux density. The moment may be acquired in a
number of ways.
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Current Flow

The concept of magnetic moment 1s usually defined
in terms of a plane coil carrying a current, I, and enclosing
an area, A, 1l.e.,

m=n IA amperes-meter2 (8)

where n is the unit vector normal to A (right hand rule).

This approach is useful for evaluating moments associated witl.
current carrying conductors, as in an electrical power system,
and as a basis for computing torques associated with cir-
culating currents induced in a conducting body moving with
respect to a magnetic field. The latter case 1is formulated

by Smith [20] who shows that the torque on a thin wall cylin-
der spinning in a uniform magnetic field normal to its axis

is given by

- 20 a3 - 28 L
|'T| m o BSw a2 h(l - tanh 55)

Newton-meters (9)

a = radius in meters
£ = length in meters
h = thickness 1n meters

o = conductivity in (ohm—me’cers)"l

His derivations also show that the torque on a cylinder tumbling
end-over-end in a similar field, when averaged over a revolu-
tion, is exactly half that given by (9).

Permanent and Induced Magnetic Moment

The state of magnetization of a body (or magnetic
moment per unit volume) is defined by
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L ﬁi amperes/meter (10)

=
1]
=
o]

where Bi is the internal flux density and ﬁi is the internal

magnetizing force. The total moment is obtained by integrating
over the complete volume, V,

m=, Mav = (;— - ﬁi) av amperes—meter2 (11)
oy JV 0

The magnetic moment per unit volume can only be constant for
an ellipsoid so that for other shapes (11) is usually written

B
ﬁ=(—-i-- ﬁ.)AsL Rg (12)

where A 1is the body cross-sectional area, & is the length, and
the shortening factor, RS, includes the geometrical effects.

Typically for cylinders having length to diameter ratios,
(%), greater than 10, RS approaches .75 asymptotically [19].
An 1deal magnetic material is one in which M and B

i
in (10) are in the same direction and related by a constant of

proportionallity called the susceptibility, x, or,

— E-i
M=yx — (13)

Combining (13) and (10) gives the familiar expression and defini-
tion of permeability, u,

H
—_ 0 - — —
Bi = 1 Hi = u_p H, = uH, (14)




BELLCOMM, INC. -7 -

o

Since u, 1s large for good magnetic materials, ;l >> ﬁi’ and

the moment of a cylindrical body is closely 0

B.
m = — Ag R, amperes/meter
UO S

2 (15)

Finally the relation between internal and external magnet-
izing forces and moment per unit volume is given by

B |

. = H 1 _ g, |amperes
Hy = Hy - Dy Wy Hi)meter (16)

Values for the demagnetizing factor, D have been computed

2 £0 3.3 x 107"
for cylinders where 10< é < 100 [19]. In a permanent magnet,

B’
for various shapes and range from 1.4 x 10~

the magnetizing force Hi’ is generated within the magnet

itself; ﬁo << Hi’ and the state of magnetization to compute
moment in (12) can be determined from the material (B-H)

characteristic and Dg. For induced moment, Hy arises ex-
B,
— -_ 1 — —
ternally; Hy << HO, and (;5 - Hi) and Hy are related by DB

up to where the material enters saturation. To compute
moment in either case some knowledge of materials and geometry
is necessary.

ESTIMATION OF MOMENT AND TORQUE MAGNITUDES

A literature search has produced very little data
from which realistic magnitudes of moments and torques can be
extrapolated for the AAP-type vehicle configurations. Table I
summarizes all mention of moments so far encountered, whether
arising from direct measurement, data reduction, or hypotheses.
On thils basis we can only expect to make coarse upper-bound
type estimates, utilizing the preceding field, moment and
torque concepts. Consider therefore a cylindrical vehicle in
orbit with a gross weight of 130,000 pounds of which 1 per-
cent by weight 1s composed of ferromagnetic materials. As-
sume further that the assembly has a length of 100 feet and
a diameter of 22 feet. Taking the density of iron as

7.9 grams/cm3, we compute a volume of magnetic material of
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about .075 meter3. Little use of magnetic material is expected

in the spacecraft structure. Most magnetic material present will
likely be in the form of electrical components (motors, trans-
formers, relay armatures, etc.) which should neither produce
large moments Individually nor create an effective magnet when
considered together. In most cases magnetic material used for
these purposes is characterized by a relatively narrow hysteresis
loop having a coercive force in the order of 100 amperes/meter,
comparable to annealed pure iron. This should be a realistic
estimate for |Hi| in (16). An effective g ratio of 50 with a
corresponding demagnetizing factor of 1/800 appears to be a
reasonable compromise for an effective geometry. Using these
values in (16), we compute an effective moment of 4500 ampere-

meter2 and an average torque acting throughout each 240 nm, 28.5
degree orbit of .077 lb-ft.

In weak fields the relative permeability of demagnetized
iron is about 200. This assures that Hi << Ho in Equation (16)
and using the previous geometry, we compute an equivalent induced

moment of 815 ampere-meter2 with a corresponding average bias
torque of .01l4 1b-ft.

The power supply current 1s a potential moment con-
tributor as shown by Equation (8). For example, a 28 volt power
system delivering 5KW to a load 100 feet away over conductors

separated by 1 foot will produce a moment of 1700 ampere—meterg.
The corresponding average per orbit torque is .03 1b-ft and the
maximum peak torque is .06 1lb-ft. Considering the fact that

the effective moment is the vector sum of the individual space-
craft circuits, most of which have conductor separations much less
than 1 foot, this estimate should be conservative by a substantial
factor.

The torque contribution from induced currents as the
assumed assembly moves through the earth's field, Equation (9),
is small due to the low rate of flux change through the cylinder.
Slince the vehicle is not spinning about an axis, 1ts equivalent
maximum angular rate in the earth's field is 2r radians per
orbit which occurs in the magnetic polar plane. Assuming a 90
minute orbital perlod, the same cylindrical dimensions previously
assumed, a shell thilckness of 0.1 inch, and resistivity of

2.8 x 10_8 ohm- meters for aluminum, the equivalent average per

orbit torque is 1.51 x 107" lb-ft and the peak torque is
7.66 x 107" 1b-rt.
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SUMMARY AND CONCLUSIONS

For convenience we tabulate our estimated upper
bounds as follows

Moment 5 Upper Bound
Source amp-meter Average torque
1b ¢
Earth Induction 815 .014
Residual Magnetism 4500 077
Power Currents 1.7 x lO3 .030
Induced Currents - 1.51 x 10'“
Arithmetic Sum .12

This tabulation shows that the torque components due to
induction by the earth's field, unbalanced power supply
currents, and circulating currents induced by motion through
the earth's field are smaller and of less potential importance
than the effect that might be produced if a relatively large
mass of permanently magnetized material is incorporated in

the orbiting assembly. The assumptions under which these
smaller torque components are estimated have been chosen to
produce conservative upper bounds. The residual magnetism
component is much less definite in this respect. In view

of its magnitude, further study of the mass, volume, geometry
and state of magnetization of the magnetic components included
in the vehicle is advisable so that an adequate magnetic

model can be developed.
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TARLE T

Literature Reported Moments

Vehicle
Snap 10A reactor
Thermo-converter
OAO, coill designed for control
purposes
10kg = 22 1b of ferromagnetic
material
Tiros I(due mainly to spin)
designed permanent magnet for 1 1b ft
torque for large manned space station
coil designed for control of a 3 ft
spherical vehicle
3000 1b vehicle using a 30 1b
Alnico V magnet for control
Explorer XI
Explorer IV

21,000 1b vehicle

¥See Bibliography

Moment

amp-meter2
95
15

14.3

8.6
.896

38,700

93

1160
2.35

19
1160




(A) A MAGNETIC DIPOLE FIELD*
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